Modulation of (Ca2
A long-standing issue is the molecular mechanism of action of anaesthetics (see [ 1, 21 for reviews on this topic). In this regard, it should be noted that, so far, any attempt to show evidence of large perturbations of the lipid bilayer of biological membranes at the concentrations of these drugs that promote anaesthesia have been rather inconclusive [ I , 21. Therefore, increasing attention is being focused on the possibility that membrane proteins can provide the anaesthetic receptor site in excitable membranes and couple it to the functional alterations produced (see, for example 13-51). Nevertheless, except for its hydrophobicity, the physicalchemical characteristics of this putative receptor site have not yet been elucidated.
Besides the well-known blockade of the voltage gatedNa+ channel of the axonal membrane by local anaesthetics, thesc drugs alter physiologically relevant Ca'+ -dependent biochemical processes [S, 61. In particular, they are antagonists of calmodulin and inhibit the (Ca" +Mg'+)-ATPase of the plasma membrane of synaptosomes at concentrations close to their pharmacological doses . Because the Ca' + pump of the neuronal plasma membrane plays an important role in controlling the concentration of free Ca'+ within the neuronal cytosol 181, and thus in the control of neuronal activity, we have studied in more detail the modulation by anaesthetics of this enzyme and other Ca'+ transport processes of the plasma membrane of synaptosomes, membrane preparations largely enriched in neuronal plasma membrane involved in synaptic connections.
The (Ca?
-ATPasc activity and Ca?
+ uptake of plasma membranes of synaptosomes are both inhibited by local anaesthetics with approximately the same K,,,, values (7, Y], namely dibucaine (0.023 mM), tetracaine (0.4-0.8 mM), lidocaine (0.4-0.7 mM) and procaine (1.5-2.0 mM). Except for the case of tetracaine, the inhibition of the ATPase activity does not show positive co-operativity. In addition, we have studied the effect of ethanol, an anaesthetic of parfcular interest, on the Ca'+ uptake and (Ca'+ +Mg?+)-ATPase activity of the plasma membrane of synaptosomes and we have found that it also inhibits both processes with a KIl5 value of about 0.5%, (v/v).
In normal physiological conditions, the Ca-'+ pump of the plasma membrane is likely to be the most important system in maintaining low cytosolic Ca'+ levels in the neuron [ 8, 101. In our preparations of plasma membrane, this system shows a maximum rate of Ca?+ transport of about 4-5 nmol of Ca'+/min per mg of plasma membrane protein, in good agreement with the results obtained by others [ 111 using preparations similar to ours. A priori, the effect of the inhibition of the CaZ+ pump of the plasma membrane by local anaesthetics on free cytosolic Ca2+ levels could be counterbalanced by stimulation of the Na+ /Ca' +-exchange system of this membrane, which can also extrude Ca'+ to the extracellular space with high efficiency, although with low affinity for Ca2+ [ 10, 121. We have measured the effects of dibucaine, tetracaine, lidocaine, procaine and ethanol on the Na+/Ca2 exchange through the plasma membrane of synaptosomes using the fluorescence of chlortetracycline to monitor this process. It can be observed that ethanol increases the rate of decay of the fluorescence of chlortetracycline and thus the rate of Na+/Ca?+ exchange. However, this stimulation is only about 2-3 fold at 2% (v/v) ethanol, a concentration that completely inhibits the Ca" pump. Table 1 shows that the effect of ethanol, up to 8% (v/v), on the passive permeability to Ca2+ of the plasma membrane of synaptosomes is also relatively small. Similar results have been obtained with the other anaesthetics mentioned above [9] . It is to be recalled that the passive permeability to Ca'+ of the plasma membrane of synaptosomes is about 0.1 nmol of Ca*'/min per mg of membrane protein [8, 9, 111, i.e. negligible when compared with the rate of transport by the Calf pump or via the Na+/Ca'+-exchange process. Thus, it follows from these results, that the membrane integrity is not largely disrupted by these concentrations of local anaesthetics and of ethanol, a result that has been also checked using preparations of sarcoplamic reticulum vesicles (see Table 1 and [ 141).
Because of the physiological concentrations of cytosolic Ca'+ in resting neurons, about 80-100 n M , the Na'+/Ca'+ exchange shows a relatively poor efficiency. e.g. < 0.5 nmol of Ca" /min per mg of membrane protein [lo] , it follows from these data that under these conditions this exchange process will not completely counterbalance the inhibition of the Ca'+ pump by local anaesthetics. Thus these results suggest that the resting cytosolic Ca" level will be increased by all the local anaesthetics studied. Attempts to assess further this point in intact synaptosomes using Ca?+ indicators. wch as Fura-or Quin-2. have failed so far because these drugs form complexes with these divalent cation chelators [ 151. Let us note that a sustained increase of free cytosolic Ca'+ in the neuron should lead to an enhanced rate of neurotransmitter release and. therefore, in the long term, to 
I
neurotransmitter depletion in the synapsis. These observations could easily rationalize the hyperexcitation caused by low doses of anaesthetics and it merges the concept of anaesthesia as synaptic fatigue.
Regarding the molecular mechanism of inhibition of the 191, a protein that amounts to about 70-90% of the sarcoplasmic reticulum membrane, and that is better characterized at a biochemical and biophysical level, we have studied in more detail the interaction of local anaesthetics with the sarcoplasmic reticulum membrane as a model system, aiming to gain a better knowledge of the molecular basis of the inhibition of the (Ca" + MgL+)-ATPase by these drugs. Differential scanning calorimetry studies have revealed that ethanol and some of the local anaesthetics studied, i.e. dibucaine and tetracaine, destabilize the structure of the ATPase on binding to the membrane [20] . Furthermore, these anaesthetics also alter the permeability of the sarcoplasmic reticulum membrane to divalent cations [ 141 and the K , , of inhibition of the ATPase by dibucaine and tetracaine is markedly lower than assayed with the purified enzyme [20] . The sensitivity of the sarcoplasmic reticulum ATF'ase to ethanol is affected by treatment with A23187, which renders them very permeable to C a 2 + , and by pH change from 6.0 to 7.4 (results not shown). In both treatments, the average conformation of the ATPase is altered with respect to that present at pH 7.4 in coupled sarcoplasmic reticulum membranes. However, there is no significant effect of ethanol (up to 12%, v/v) on the Ca2+ dependence of the ATPase activity (results not shown). Neither ethanol nor the other local anaesthetics referred to above show the characteristics of kinetic competition with Ca" or Mg'+ATP ([20] and B. Escudero & C. GutierrezMerino, unpublished results). In addition, the polarization of the fluorescence of diphenylhexatriene does not detect any appreciable change of the order parameter of the lipid bilayer at the concentrations of these drugs which produce inhibition of the (Ca?' + Mg'+)-ATPase and which alter the passive permeability of the sarcoplasmic reticulum membrane to divalent cations. Because the effects of the anaesthetics on the thermal denaturation of the ATPase can be mimicked by disruption of the lipid annulus [20] , and also because disruption of the lipid annulus is likely to enhance the passive permeability of the membrane and annular lipids are known to modulate the ATPase activity [21] , our results leads to the suggestion that the inhibition of the
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(Ca'+ + Mg' + )-ATPasc by these anaesthetics is related to the perturbation of the lipid annulus o f this enzyme. Owing to its potential relevance to provide a common molecular mechanism of action of anaesthetics on membrane proteins, this hypothesis deserves to be further considcrcd in future studies. The idea of fluidity is central to our thinking about the physical structure of biological membranes and, indeed, is enshrined in the name of the commonly accepted model for the membrane. the fluid mosaic model [ 11. In general terms, we can see the evolutionary advantages of adopting a design for the membrane based on a fluid lipid bilayer. A fluid membrane will be flexible, obviously an important factor ensuring the long-term viability of cell membranes subject to physical distortion. Equally important, a fluid lipid bilayer will provide a suitable matrix into which a wide variety of membrane proteins can be incorporated, the only unusual constraint in designing the proteins being that they should contain hydrophobic sequences (now assumed to be generally a-helical) of sufficient length to span the hydrophobic region of the bilayer; in a fluid lipid bilayer, local distortions of the fluid fatty acyl chains of the lipids will ensure good packing of the proteins into the membrane. A final advantage for the cell of a membrane based on a lipid bilayer is that the components of the lipid molecules (fatty acids, glycerol, etc.) also serve a wide variety of metabolic roles in the cell.
Once the idea was accepted that the basic structural unit of the biological membrane was a fluid lipid bilayer, the possibility had to be considered that the exact fluidity of the bilayer was important and that a cell could gain some level of control over the activity of its membrane-bound proteins by controlling the fluidity of the bilayer. This simple idea has generated very many experiments, but few firm conclusions; the difficulty is that of establishing a firm causal link from a mere correlation. There are very many ways of changing the fluidity of a biological membrane and often these changes are correlated with some change in the function of the membrane, but the change in fluidity need not be the actual cause of the change in function. Thus, for example, changing the growth temperature of bacteria leads t o changes in membrane lipid composition and membrane fluidity and t o changes in the activities of many membrane proteins 121, but the changes in activity could follow, not from the change in membrane fluidity, but, rather, directly from the change in lipid composition which is the underlying cause of thc changc in fluidity. Similarly, addition of many foreign moleculcs t o membranes (particularly anaesthetics and related drug molecules) changes both fluidity and function 13 1 . but this correlation does not prove a causal link. since both the changes in fluidity and in function could arise independently from binding of the additive t o the lipids (giving the change in fluidity) and to the protein (giving the changc in function).
It is very commonly assumed that if a change is observed in both membrane fluidity and somc function of the membrane, then no other explanation for the change in function is required, since the change in function is obviously caused (it is assumed) by the change in fluidity. But if it should turn out that the great majority of membrane functions are not very sensitive to membrane fluidity, then it will be necessary for the experimentalist to take much greater care to prove in any particular case that changes in fluidity are the answer.
In thinking about the possible importance of membrane fluidity, it is useful to distinguish between processes involving diffusion in the plane of the membrane and those independent of such diffusion. In the former group, for example, are cases where diffusional collision between proteins is involved, as in the 'mobile receptor' model for activation of adenyl cyclase. Many such processes involve interactions with components within the cell such as the cytoskeleton. and it is still an open question whether the fluidity of the lipid bilayer has much effect on rates [4] . In this paper, however, we will be concerned only with functions independent of diffusion in the plane of the membrane, such as those carried out by transporters and membrane-bound enzymes.
There are two classes of test we can apply for the irnportance of fluidity for such processes. T h e first is to look for a correlation between fluidity and function over a large range
